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The cerebral cortex is greatly expanded in the human brain. There is a parallel expansion of 
the cerebellum, which is interconnected with the cerebral cortex. We have asked if there are 
accompanying changes in the organization of pre-cerebellar brainstem structures. We have 
examined the cytoarchitectonic and neurochemical organization of the human medulla and 
pons. We studied human cases from the Witelson Normal Brain Collection, analyzing NissI 
sections and sections processed for immunohistochemistry for multiple markers includ- 
ing the calcium-binding proteins calbindin, calretinin, and parvalbumin, non-phosphorylated 
neurofilament protein, and the synthetic enzyme for nitric oxide, nitric oxide synthase. We 
have also compared the neurochemical organization of the human brainstem to that of 
several other species including the chimpanzee, macaque and squirrel monkey, cat, and 
rodent, again using NissI staining and immunohistochemistry. We found that there are 
major differences in the human brainstem, ranging from relatively subtle differences in 
the neurochemical organization of structures found in each of the species studied to the 
emergence of altogether new structures in the human brainstem. Two aspects of human 
cortical organization, individual differences and left-right asymmetry, are also seen in the 
brainstem (principal nucleus of the inferior olive) and the cerebellum (the dentate nucleus). 
We suggest that uniquely human motor and cognitive abilities derive from changes at all 
levels of the central nervous system, including the cerebellum and brainstem, and not just 
the cerebral cortex. 



Keywords: medulla, dentate nucleus, vestibular nuclei, nonphosptiorylated neurofilament protein, cerebellar 
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INTRODUCTION 

It is obvious from a glance at pictures of the brains of differ- 
ent species that the human brain is distinguished by a highly 
expanded and intricately folded cerebral cortex (for a collection 
of images of the brains of humans and many other species see 
http://www.brainmuseum.org/index.html). It is also apparent, if 
less striking, from those pictures that there is a parallel expansion 
of the cerebellum, especially of the cerebellar hemispheres (see 
additional images from the studies of Voogd and Glickstein, 1998b; 
MacLeod et al, 2003; Sultan and Glickstein, 2007; Glickstein et al, 
2009a and the inset in Figure ID). While the basic laminar orga- 
nization and cell types of the cerebellar cortex are similar across 
species, the surface area of cerebellar cortex increases dramatically 
(illustrations in Sultan and Braitenberg, 1993) and the folding 
pattern becomes much more intricate. Figure 1 illustrates the 
folding pattern of cerebellar cortex in four different species, rat 
(Figure lA), cat (Figure IB), macaque monkey (Figure IC), and 
human (Figure ID). The intricate folding pattern of the human 
cerebellar cortex is seen all over the cerebellum, in "old" (for 
example the vermis) as well as in "new" (for example the cere- 
bellar hemispheres) regions of the cerebellum (macaque monkey 
cerebellar cortex is well-illustrated in Angevine, 1961). 

The output of the cerebellar cortex is via the projections of the 
Purkinje cells to the deep cerebellar nuclei (reviews by Voogd and 
Glickstein, 1998a; Glickstein et al., 2009a). Along with the expan- 
sion of the cerebellar hemispheres, there is an increase in size and 
complexity of their target, the dentate nucleus, again uniquely so 
in humans (compare images of monkey and human dentate in 



Angevine, 1961; Madigan and Carpenter, 1971). The expansion of 
the cerebral cortex and the cerebellum are functionally linked: the 
cerebellum and the cerebral cortex are highly interconnected. As 
shown in many studies, the cerebellum receives topographically 
organized input from many functional regions of the cerebral 
cortex via relays in the pontine nuclei (Kuypers and Lawrence, 
1967; Brodal, 1968a,b, 1971a,b, 1978; Gibson et al, 1978; Glick- 
stein et al, 1980, 1985, 1990, 1994; Cohen et al, 1981; Baker et al, 
1983; Bjaalie and Brodal, 1983; Thangnipon et al, 1983; Leergaard 
et aL, 2006; Suzuki et al, 2012). Cortical input can also influence 
other pre-cerebellar nuclei (references and discussion in Kuypers 
and Lawrence, 1967; Suzuki et al., 2012). 

The deep cerebellar nuclei in turn influence the cerebral cortex 
via projections to thalamic and brainstem relay sites (Orioli and 
Strick, 1989; Middleton and Strick, 1994, 1996, 1997a, 1998, 2000, 
2001; Hoover and Strick, 1999; Dum and Strick, 2003; Kelly and 
Strick, 2003; Akkal et al., 2007). In addition to its contribution to 
cortical function, the cerebellum also can influence motor control 
by projections to brainstem structures like the vestibular nuclei 
that in turn affect movement (Langer et al., 1985). 

The brainstem and thalamus, then, have a critical role in medi- 
ating cerebellar input and output. We have asked if there are 
parallel differences in human brainstem structures that intercon- 
nect the cerebellum and the cerebral cortex. Our analysis has 
shown unique features of the human brainstem that distinguish it 
from the brainstems of other species, including our nearest extant 
relative, the chimpanzee. We have also shown unique features of 
one component of the cerebellum, the human dentate nucleus. 
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FIGURE 1 I The cerebellar cortex in four different species. (A) Cresy 
violet (CV) stained parasagittal section through the cerebellum and 
brainstem of a rat. Scale bar 2 mm. The image is from BrainMaps.org. 

(B) Parasagittal CV-stained section through the cerebellum and 
brainstem of the cat. Scale bar 2 mm. Image from BrainMaps.org. 

(C) Parasagittal section through the monkey cerebellum at the level of 



the dentate nucleus. The image is from Madigan and Carpenter (1971), 
Figure 25, p. 40. Scale bar 1 mm. (D) Parasagittal section through the 
human cerebellum at a level lateral to the dentate nucleus. Scale bar 
10 mm. The inset show/s a photograph of an intact human cerebellum, 
inferior view. Case 188 (Witelson Normal Brain Collection, female, age 
67). Scale bar in inset 1 cm. 



How is the human brainstem unique? We have identified five 
principles distinguishing human brainstem organization firom that 
of other species. 

PRINCIPLE 1 

There are structures that are conserved across species, but which 
show subtle difi^erences in neurochemical organization. 

PRINCIPLE 2 

There are structures that are conserved across species, but which 
show major differences in overall organization. 

PRINCIPLES 

There are brainstem structures found in humans and chimpanzees 
that are not present in macaque monkeys or cats. 

PRINCIPLE 4 

There are brainstem structures that are found only in humans. 
PRINCIPLES 

Asymmetry and individual variability. There are two other unique 
features of the human brainstem that are usually considered 
exclusive characteristics of the cerebral cortex. First, there is 
individual variability in the size and shape of a single structure. 



Second, for some structures, there are left-right asymmetries in 
structure. 

In this review, we will summarize and illustrate the evidence 
from published studies that led to the formulation of these five 
principles. 

MATERIALS AND METHODS 

For the figures in this review, we have photographed slides of 
human and chimpanzee brainstems sectioned and stained in this 
laboratory. We also photographed sections from the cat, macaque, 
squirrel monkey, and rat that had been prepared in this laboratory 
in the context of several different projects (Baizer and Baker, 2005, 
2006b; Baizer et al., 2007, 2011a,b, 2013b,c; Baizer, 2008, 2009; 
Baizer and Broussard, 2010; Sultan et al., 2010). The methods and 
results for each project were described in detail in the individual 
publications. We also referred to published and online atlases of 
several species (BrainMaps.org and Olszewski and Baxter, 1954; 
Angevine, 1961; Emmers and Akert, 1963; Berman, 1968; Madi- 
gan and Carpenter, 1971; Paxinos and Huang, 1995; Franklin and 
Paxinos, 1997; Paxinos, 1999; Paxinos et al., 1999, 2000). 

HUMAN TISSUE 

Briefly, we used brainstems and cerebella from the Witelson Nor- 
mal Brain Collection (Witelson and McCuUoch, 1991). Use of this 
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tissue was approved by the IRB at the University at Buffalo. For 

one project, the study of the inferior ohve (lO), we also used sam- 
ples from the Mount Sinai School of Medicine (MSSM) Brain 
Bank; sections from a case at the Barrow Neurological Institute 
were used to develop a 3D model of the principal nucleus of the 
inferior olive (lOpr; Baizer et al., 2011b). Table 1 shows critical 
parameters for the cases. For each case from the Witelson collec- 
tion, the brainstem and cerebellum had been dissected away from 
the rest of the brain. We further dissected the cerebellum from 
the brainstem. Blocks of tissue were cryoprotected in 15% then 
30% sucrose in 10% formalin. A small slit was made lengthwise 
through the pyramidal tract on one side of the brainstem to allow 
us to distinguish the left and right sides (this slit may be seen in 
Figures 5C and IIF). Frozen sections were cut in a plane trans- 
verse to the brainstem, the plane used in the atlas of Olszewski and 
Baxter (1954). For the MSSM cases, only a small block of tissue 
containing part of the lOpr was available. Those blocks were also 
sectioned in the transverse plane. All sections were collected and 



Table 1 | Cases and tissue history. 

Case Source Age Gender PIVII Cause of death Year of death 



155 


W 


50 


W 


9 


Breast cancer 


1988 


158 


W 


51 


M 


1 


Colorectal cancer 


1989 


164 


w 


45 


W 


3 


Breast cancer 


1991 


168 


w 


69 


M 


3 


Rectal cancer 


1992 


169 


w 


70 


M 


2 


Colorectal cancer 


1992 


176 


w 


71 


W 


3 


Colon cancer 


1994 


180 


w 


54 


M 


2 


Adenocarcinoma 


1995 


188 


w 


67 


W 


2 


Breast cancer 


1997 


1342 


MSSM 


36 


M 


17 


Anaphylaxis 


2006 


1130 


MSSM 


38 


M 


24 


Accident 


2004 


1057 


MSSM 


40 


W 


4 


Aortic dissection 


2003 


1319 


MSSM 


48 


M 


17 


Aortic stenosis 


2006 



]N, Witelson normal brain bant:; MSSM, Mount Sinai School of Medicine Brain 
Bank. 



Stored in plastic compartment boxes in 5% formalin. In order to 

have sections small enough to fit on a standard slide, we divided 
the cerebella into two blocks along the midsagittal plane. Some 
cases were embedded in albumin-gelatin. The half cerebella were 
sectioned in the parasagittal or coronal planes, using the atlas of 
Angevine (1961) to aid in the proper orientation of the blocks. 

HISTOLOGY, IMMUNOHISTOCHEMISTRY 

For the brainstem, we first moimted sets of sections 2 mm apart 
on gelled slides and stained them with CV (cresyl violet, method 
of LaBossiere and Ghckstein, 1976). We identified the level of our 
sections compared to the plates in the atlas (Olszewski and Baxter, 
1954). For each study, we then defined the location and rostro- 
caudal extent of the structure of interest, if necessary mounting 
and staining additional sections to define boundaries more pre- 
cisely. We then used immunohistochemical techniques to examine 
the neurochemical properties of neurons and axons. We started 
with a set of antibodies that had been useful in distinguishing sub- 
divisions of the vestibular brainstem of cats and monkeys (Baizer 
and Baker, 2005, 2006a,b). We subsequently added several addi- 
tional markers, for example, an antibody to non-phosphorylated 
neurofilament protein (Baizer, 2009). We used two different visu- 
alization protocols, one using DAB-H2O2 which yields brown 
immunolabel and a glucose oxidase modification of that protocol 
(protocol described in Van Der Gucht et al., 2006) that gives gray- 
black immunolabel. Table 2 shows a summary of the antibodies 
used in all of the projects. To investigate further the suggestion 
of loss of lOpr neurons in the normal adult, we used a commer- 
cial silver staining kit (FD NeuroSilver Kit, FD Neurotechnologies, 
Columbia, MD, USA) that labels both degenerating neurons and 
degenerating fibers. 

CHIMPANZEE BRAINS 

The analysis of the human brainstem showed enough differences 
from the commonly studied animals (rat, cat, macaque monkey) 
that we were curious if the human brain was unique or if some 
of these features might also be present in the brains of other great 
apes. We therefore extended the analysis to the chimpanzee, using 
three chimpanzee brains (Case AN, age 45, F; Case MT, age 25, 



Table 2 | Piimary antibodies. 



Antigen 



Immunogen 



Manufacturer, species, type, catalog number Dilution 



Calbindin D-28 
Calretinin 
Calretinin 
GAD 65/67 

nNOS 

Neurofilament H 
non-phosphorylated (NPNFP) 

Parvalbumin 

"8B3" 



Recombinant calbindin 

Recombinant rat calretinin 

Guinea pig calretinin 

Synthetic peptide sequence D-F-L-l-E-E- 
l-E-R-L-G-Q-D-L from the C terminus of GAD 

Amino acids 1422-1433, human nNOS 

Non-phosphorylated mammalian 
neurofilament H 

Purified frog muscle parvalbumin 
Brain homogenate 



Chemicon, rabbit polyclonal, #AB1778 1 :1000-1 :2000 

Chemicon, rabbit polyclonal, #AB5054 1 :2000-1 :3000 

Chemicon, goat polyclonal, #AB1550 1 :250 

Serotec, rabbit polyclonal #AHP360 1 :200 

Cayman, rabbit polyclonal, #160870 1 :200 

Sternberger monoclonals/covance 1 :1000-1 :3000 

Sigma, mouse monoclonal, #P-3171 1 :2000 

Gift of Aurea Pimenta; mouse monoclonal 1 :500-1 :4000 
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M; Case WM, age 25, M). These brains originated from the Yerkes 
Primate Center and had been obtained by Drs. Hof and Sher- 
wood (Baizer et al., 2013a,b). The brains had been immersion-fixed 
in 4% paraformaldehyde and subsequently stored in phosphate- 
buffered saline (PBS) containing 0.1% sodium azide. We sectioned 
blocks of tissue that included both the brainstem and the cerebel- 
lum from these three chimpanzees. Blocks were sectioned in the 
coronal plane to attempt to match the levels of sections to the 
atlases of the macaque monkey (Paxinos et al., 2000). The meth- 
ods for immunohistochemistry and histology were as described for 
the human tissue and described in detail in Baizer et al. (2013a). 
We also examined archival CV-stained sections of the chimpanzee 
brainstem from five additional cases that had been prepared in the 
laboratories of Dr. Chet Sherwood and Dr. Patrick Hof 

DATA ANALYSIS 

The sections were examined with a Leitz Dialux 20 light micro- 
scope, and digital images were captured with a SPOT Insight 
Color Mosaic camera (1200 x 1600 pixels; Diagnostic Imaging, 
Sterling Heights, MI, USA). Brightness and contrast of images 
were adjusted and plates were assembled using Adobe Photo- 
shop CS (Adobe, San Jose, CA, USA). We used MDplot software 
( AccuStage, Shoreview, MN, USA) to plot the distributions of silver 
grain-labeled cells in the lOpr (Baizer et al., 2013c). 

RESULTS 

We have found several quantitative and qualitative differences in 
the organization of the brainstem between humans and other 
species, supporting a unique organization of the human brain- 
stem. Unique features of the human brainstem range from rela- 
tively subtle neurochemical differences in conserved nuclei to the 
emergence of altogether new structures. We will summarize our 
data showing examples of these features in the context of the five 
principles outlined in the Section "Introduction." 

PRINCIPLE 1 

Conserved structures that show subtle differences in neurochem- 
ical organization. 

The neurochemical organization of the vestihular nuclear complex 
and related nuclei 

A calretinin "area" in the medial vestibular nucleus. Both 
anatomical and physiological data on the VNC suggest that there 
might be functional subdivisions within the four nuclei (review 
and references in Baizer and Baker, 2005, 2006a,b). We exam- 
ined the structure of the VNC using immunohistochemistry for 
calcium-binding proteins and other markers in several species. 
Our initial experiments, first in cats and then in monkeys were 
derived from experiments in the somatosensory and auditory sys- 
tems showing that immunohistochemistry for calcium-binding 
proteins could define subdivisions within cytoarchitectonically 
defined structures (RauseU et al, 1992a,b; Jones et al., 1995; Moli- 
nari et al, 1995). We found that immunoreactivity to the calcium- 
binding proteins (CR) and calbindin (CB) showed compart- 
ments within the cytoarchitectonically defined medial vestibular 
nucleus (MVe). 

We first described a small region in the MVe of the cat that 
had cells and processes highly immunoreactive for CR (Baizer 



and Baker, 2006a). We referred to this region as the "calretinin 
(CR) area." We subsequently found a CR area in the MVe of other 
species, including squirrel and macaque monkeys, chimpanzees, 
and humans (Baizer and Baker, 2006a; Baizer and Broussard, 
2010; Baizer et al., 2013a). Figure 2 illustrates the CR area in 
the cat (Figure 2A), macaque monkey (Figure 2B), chimpanzee 
(Figure 2C), and human (Figure 2D). While this region was 
present in all species, there were subtle differences among species. 
Specifically, there was variability in the rostro-caudal extent of the 
CR area relative to the extent of the parent nucleus, the MVe. In 
cat, the CR area was found over the total rostro-caudal extent of 
the MVe. In macaque monkey, the CR area extended over about 
40% of the MVe and in the human only over about 20% (Baizer 
and Baker, 2005, 2006a; Baizer and Broussard, 2010). In all species 
studied, we also found a small region medial to the CR region in 
the MVe distinguished by intense CB immunoreactivity in fibers 
(Baizer and Baker, 2005, 2006a; Baizer and Broussard, 2010; Baizer 
et al, 2013a). 

Neurochemical properties of the nucleus prepositus hypoglossi. 

The nucleus prepositus hypoglossi (PrH) is located in the dor- 
sal medulla, medial to the MVe. In the cat, squirrel monkey, 
and macaque monkey, we found that there were neurons distin- 
guished by the expression of nitric oxide synthase (nNOS) that 
were arranged in a rostro-caudal column through the nucleus 
(Baizer and Baker, 2006b). A subset of these neurons were also 
labeled by an antibody called "8B3" that had been shown to label 
limited cell populations in the monkey (the protein and labeling 
pattern are described in Pimenta et al, 2001; Dum et al, 2002). 
In humans and chimpanzees, however, the neurochemical orga- 
nization of PrH was quite different, with only scattered nNOS-ir 
neurons present. We were not able to get immunostaining with 
the 8B3 antibody in the human sections; the target protein may 
not be expressed in the human. Figure 3 shows these species dif- 
ferences in nNOS immunoreactivity in PrH. Immunoreactivity 
in the cat shows many labeled cells in a ventromedial cluster of 
neurons (arrow in Figure 3C); in macaque monkey there is also a 
region of labeled cells (Figure 3B, examples at arrow) whereas in 
human there is only a scattering of labeled cells (example at arrow 
in Figure 3A). 

PRINCIPLE 2 AND PRINCIPLE 5 

Conserved structures that show major differences in overall 
organization and asymmetry and individual variability in the 
brainstem. 

The principal nucleus of the inferior olive and the dentate nucleus 
of the cerebellum 

The lOpr is a structure that is conserved across species, but has 
major differences in organization. Figure 4 illustrates the shape 
of the lO in coronal sections from four species, rat (Figure 4A), 
cat (Figure 4B, immunostaining for calbindin), macaque monkey 
(Figure 4C), and chimpanzee (Figure 4D). In the chimpanzee, the 
shape of the lOpr has changed considerably; it has the form of a 
long ribbon with many infoldings. 

We next examined the size and shape of the lOpr in the human. 
Examination of CV-stained sections showed differences among 
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FIGURE 2 I The calretinin area of the medial vestibular nucleus in 
four species. In each panel, the arrow indicates the region of 
calretinin-immunoreactive cells and processes. (A) Cat. (B) Macaque 
monkey. (A,B) Immunoreactivity was visualized by the DAB method. 



(C) Chimpanzee. (D) Human. Case 164, female, age 45. For the 
sections shown in (CD) immunoreactivity was visualized with the 
glucose oxidase method. Scale bar 250 |j,m. MVe, medial vestibular 
nucleus. 



human cases in the size, shape, and folding pattern of the lOpr. 
Figure 5 shows CV-stained sections through the lOpr in three dif- 
ferent cases. While in each case the lOpr has the form of a narrow, 
highly folded ribbon; the configuration of the infoldings is differ- 
ent for each case we studied. Figure 5 also shows differences in the 
shape and pattern of infoldings of the lOpr on the left and right 
sides. We asked if these left-right differences in the lOpr might be 
related to handedness. We compared the volume and a measure of 
folding complexity of the lOpr for the left and right sides but did 
not find a significant difference (Baizer et al., 2011b). Left-right 
differences in folding pattern can also be observed in the lOpr of 
the chimpanzee (Figure 6). 



to stain degenerating neurons (Baizer et al., 2013c). Figures 7C-G 
shows examples of neurons in the lOpr that are marked with sil- 
ver grains. Figure 7H illustrates the appearance of "ghosts," empty 
spaces the size and shape of lOpr neurons. Figure 71 shows a 
plot of the distribution of silver-labeled neurons on one section 
from the lOpr from one case. We asked if degeneration of neu- 
rons of the lOpr would also be seen in the chimpanzee. Figure 7B 
shows an image of CR-immunoreactivity in the lOpr of a chim- 
panzee. All neurons are darkly stained; there are no patches of 
more darkly stained neurons as in human (Figure 7A), this is con- 
firmed in the inset that shows a higher magnification image of the 
lOpr. 



lOpr degeneration in the neurologically normal adult 

We also found individual differences in neurochemical properties 
of lOpr cells. When we looked at immunostained sections, we 
found that some neurons in the human lOpr were immunore- 
active for the calcium-binding proteins CB and CR, and also for 
NPNFR However, not every neuron in the lOpr was stained for a 
particular marker. Figure 7A illustrates a section from one human 
case in which there is a dense patch of neurons immunoreactive 
for CR (Figure 7A, arrow), with other neurons in the structure 
lightly or not at all stained. The pattern of staining again var- 
ied among sections from any one case and also among cases. In 
many immunostained sections, there were what appeared to be 
"ghosts" or missing cells. These data suggested an active degener- 
ative process with loss of lOpr neurons. We subsequently found 
more direct evidence of degeneration, using a silver-stain protocol 



Dentate nucleus 

Expansion and changes in organization across primate species 
(Baizer, 2008; Glickstein et al, 2009b; Sultan et al, 2010). This 
nucleus shows both modifications in configuration and an over- 
all expansion that are strikingly similar to the findings in the 
lOpr. Figures 8A,B show the dentate nucleus in parasagittal 
sections from a macaque monkey and a human. In the macaque 
(Figure 8A), the dentate appears as a closed, thick- walled roughly 
oval shape with only a suggestion of infoldings. In the human, 
however, (Figure 8B) the dentate nucleus appears as a relatively 
thin ribbon of constant width with many infoldings. There are also 
differences in the shape of the constituent large neurons. Figure 8C 
shows neurons in the macaque dentate have with oval cell bodies 
whereas the large neurons in the human dentate (Figure 8D) are 
polygonal or shield-shaped. 
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B Macaque monkey nNOS 

> 




FIGURE 3 I (A) nNOS-ir in the nucleus prepositus hypoglossi (PrH) in tine 
human, Case 164, female, age 45. There is diffuse punctate label and a few 
stained neurons. The white arrow indicates one of a few stained cells. The 
arrowhead marks the medial border of PrH. The black arrow shows the 
lateral edge of the nucleus paramedianus dorsalis. Glucose oxidase 
visualization. Scale bar 250 |xm. (B) nNOS-ir in PrH of macaque monkey; the 
arrow shows a cluster of labeled cells. Immunoreactivity visualized with 
DAB-H2O2. Scale bar 250 pim. (C) nNOS-ir in PrH of the cat. The arrow 
shows the ventral cluster of labeled cells. Immunoreactivity visualized with 
DAB-H2O2. MVe, medial vestibular nucleus. 



Since the two halves of the cerebellum were cut separately, we 
cannot show left-right differences in folding pattern on a single 
section, as we could for the lOpr. However, comparing sections 
within and among cases (Figure 9) again suggest both individual 
variability in the pattern of infoldings of the dentate ribbon and 
left-right differences in the folding pattern within a single case. 

PRINCIPLES 

Structures found only in apes and humans. 
The nucleus paramedianus dorsalis 

In the course of examining the vestibular nuclear complex in the 
human, we noticed a small, medially located nucleus that we had 
not seen in either the cat or the monkey (Baizer et al, 2007). More- 
over, this nucleus is not illustrated in the atlases of these species 
(Berman, 1968; Paxinos et al, 2000). We did, however, find this 
nucleus in the Olszewski and Baxter (1954) atlas of the human 
brainstem. That atlas called it the nucleus PMD. Figures lOA-D 
illustrate PMD (arrow in Figure lOA) in four different human 
cases; there are noteworthy differences in size and shape among 
cases. Neurons in the PMD express NPNFP (Figures lOA-C) and 
nNOS (Figure lOD). This nucleus is also present in the brain- 
stem of the chimpanzee (Figures 10E,F), in agreement with Brodal 
(1983). 

PRINCIPLE 4 

There are brainstem structures that are found only in humans and 
Principle 5. Left-right asymmetry and individual variability. 

The nucleus pararaphales and the arcuate nucleus (Baizer and 
Broussard, 2010; Baizer et al., 2013b) 

Pararaphales. Many studies have shown that the antibody to 
non-phosphorylated neurofilament protein, NPNFP (the anti- 
body is often referred to by its catalog number, "SMI32") to be 
a very useful marker for distinguishing cortical structure (Hof and 
Morrison, 1995; Van Der Gucht et al., 2006). This antibody is also 
useful in distinguishing cell populations in the brainstem (Baizer, 
2009; Baizer et al., 2011a). In NPNFP-ir sections of the human 
brainstem, we saw a distinctive pattern of staining along the mid- 
line. The stained region best corresponded to a nucleus called the 
nucleus pararaphales in the atlas of Olszewski and Baxter (1954). 
We then re-examined NPNFP-ir sections of cats and monkeys and 
did not find a similar staining pattern. Figure lOA (arrowhead) 
shows this nucleus in the human; comparison of the sections from 
different cases (Figures lOA-D) reveals both variability in size 
of this nucleus among cases and left-right asymmetry within a 
single case. 

Arcuate nucleus. In looking at transverse sections of the humans' 
brainstem in rostral medulla and continuing rostral to the level of 
the pontine nuclei, one is struck by the presence of a large bilateral 
cell group, termed the arcuate nuclei on the edge of the pyra- 
midal tract (Olszewski and Baxter, 1954). Figures llA-F shows 
the presence of this cell group in six cases. We found this cell 
group to be a reliable feature of the brainstem of every human 
case that we examined. We also found that the cells in the Arc 
expressed CR and nNOS (Figures 11E,F). Although we did not do 
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FIGURE 4 I The inferior olive (10) in the rat [(A), CV], cat [(B), 
immunoreactivity to calbindin, CB], macaque monl<ey [(C), CV] 
and chimpanzee [(D), CV], lOD, dorsal nucleus of the inferior olive; 



lOM, medial nucleus of the inferior olive; lOpr, principal nucleus of 
the inferior olive. All images are at the same magnification. Scale 
bar 1 mm. 



any quantitative analysis of left-right differences in this structure, 
qualitative differences are apparent. 

Again, this nucleus was not seen in our examination of the 
brainstems of cat, squirrel monkey, or macaque monkey, nor is 
it shown in the standard brain atlases for these species (Berman, 
1968; Paxinos et al, 2000). We then looked for this nucleus in the 
chimpanzee brainstem and found surprising differences among 
the cases we examined. Figures 12A-D shows images of the ven- 
tral brainstem in four chimpanzees. In one of them (Case JA, 
Figure 12A) there are cells located ventral to the pyramidal tract 
on the left in the expected location of the arcuate nucleus. In a 
second case (Case ST, Figure 12B, arrow), there were a very few 
cells ventral to the pyramidal tract on the right. These data suggest 
that the arcuate nucleus is not a regular feature of the chimpanzee 
brainstem, but that it may be worth examining more cases or 
sections from other great apes to see if the cells in Case JA are a 
developmental anomaly unique to this animal. 

DISCUSSION 

The human brain is distinguished by parallel and function- 
ally linked expansion of the cerebellum and the cerebral cortex 
(Herculano-Houzel, 2010). Our studies show that there are also 
major changes in the human brainstem, most notably in struc- 
tures that are known or suspected to project to the cerebellum. It 
is clear that the expansion of the human brain underlies unique 
aspects of human cognitive and motor function. What is known 
about the relative contributions of the cerebellum and the cerebral 
cortex? The cerebral cortex is critical for both cognitive function 



and motor control. The traditional view of the cerebellum is that 
it is critical for motor, but not cognitive, function. That view has 
been challenged on the basis of anatomical, physiological, and 
behavioral data, with many supporting role for the cerebellum in 
cognitive functions (Kim et al., 1994; Middleton and Strick, 1994, 
1996, 1997b, 1998, 2000; Schmahmann, 1998; Schmahmann and 
Sherman, 1998; Dum et al, 2002), but see Glickstein (1993, 2007) 
for an opposing point of view. 

We will focus on the motor role of the cerebellum and associated 
brainstem structures. Humans are bipedal and bipedal locomotion 
imposes very different demands for the control of balance and 
posture, functions to which the cerebellum contributes (reviewed 
in Morton and Bastian, 2004). Second, bipedal locomotion frees 
the forelimbs and hands, allowing the development of fine motor 
skills, skilled tool use, and the emergence of handedness. There 
are parallel changes in the visual system, with the evolution of the 
fovea and parallel changes in voluntary eye movements (Glickstein, 
1969; Franco et al, 2000; Horn and Leigh, 2011). The cerebellum 
also participates in the control of the hands and fingers as well 
as in the control of eye movements (Glickstein et al., 2005). The 
specializations of primate brainstem structures may be related to 
these evolutionary changes. 

MVe, PrH, PMD: BALANCE, POSTURE, EYE MOVEMENTS 

We saw neurochemical differences in the MVe and PrH among 
species. We also found a nucleus, the PMD, present only in 
apes. What functional differences might these anatomical dif- 
ferences reflect? As a general hypothesis, the differences in MVe 
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FIGURE 5 I The lO on CV sections of three different human cases. (A) 

Case 155, female, age 50. (B) Case 158, male, age 51. (C) Case 176, 
female, age 71. Note differences among cases in the size and shape of the 
principal nucleus of the inferior olive, lOpr (compare the lOpr shape at the 
large arrows). Also compare the left-right folding pattern; examples of 
different folding shown at the red arrows. lOD, dorsal nucleus of the inferior 
olive; lOM, medial nucleus of the inferior olive; lOpr, principal nucleus of the 
inferior olive. Scale bar 5 mm. 



organization may reflect different processing of vestibular infor- 
mation required by bipedal locomotion. It is not yet possible to 
relate the differences in the extent of the CR area of the MVe to dif- 
ferent functional demands in different species. While the presence 
of the CR area has been established in many species, its function 
has not yet been investigated directly. 

We also saw neurochemical differences among species in PrH. 
The functions of PrH are better established than the functions of 
the CR area. It has a major role in the generation of saccadic eye 
movements in that it provides eye position signals to abducens 
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FIGURE 6 I Differences in the shape of the principal nucleus of the 
inferior olive on the left and right in the chimpanzee (CV). lOD, dorsal 
nucleus of the inferior olive; lOM, medial nucleus of the inferior olive; lOpr, 
principal nucleus of the inferior olive; pt, pyramidal tract. Scale bar 1 mm. 



neurons (Kaneko and Fuchs, 1991; Kaneko, 1992, 1997, 1999). 
There are differences in the organization of the retina between cats 
and monkeys, with cats having only an area centralis and monkeys 
having a fovea (Polyak, 1957, pp. 281-285). There are also major 
differences in the parameters of saccadic eye movements between 
cats and monkeys (Fuchs, 1967; Stryker and Blakemore, 1972), and 
subtle differences in saccadic eye movements in humans compared 
to macaque monkeys (CoUewijn et al., 1988a,b; Baizer and Bender, 
1989). The changes in PrH may reflect differences in the circuitry 
required for programing saccadic eye movements. 

The nucleus PMD is found in apes and humans, but not in cats 
or monkeys. It is located just medial to PrH. It has not been studied 
by anatomical, physiological, or behavioral techniques, so there is 
no direct evidence about its connections or function. A plausible 
speculation about this region is that it is a derivative of the PrH, 
which has been shown to have functional subdivisions (discussion 
and references in Baizer et al, 2007). If that is true, further spec- 
ulation would suggest that PMD is a pre-cerebellar nucleus with 
a role in the programing or control of eye movements. Since this 
nucleus is not seen in animals in which invasive experiments are 
possible, its function will remain mysterious for the present. It is 
possible that as imaging techniques increase in sensitivity a role 
for PMD in eye movements may be directly confirmed. 

ARCUATE NUCLEUS AND PRa 

The functions and connections of the arcuate nucleus remain a 
mystery. It was suggested by Olszewski and Baxter (1954) that 
the neurons of the arcuate nucleus were displaced pontine neu- 
rons, which would make them pre-cerebellar neurons. However, 
our neurochemical data did not support this view; neurons in 
the human pontine nuclei expressed the calcium-binding pro- 
tein parvalbumin whereas neurons in the Arc did not (Baizer and 
Broussard, 2010). We therefore argued that the Arc is indeed a new 
nucleus. There is one report identifying an "arcuate" nucleus in 
the mouse, however the location and neurochemical properties of 
the neurons described in the mouse suggest that they are instead 
a component of the lO (Fu and Watson, 2012). 
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FIGURE 7 I Human-chimpanzee differences in evidence of 
degeneration of neurons in the lOpr. (A) The arrow indicates a patcli of 
cells showing CR-ir the human lOpr surrounded by regions with little or 
no CR expression. Case 158, male, age 51. Scale bar 250 (im. (B) Robust 
CR expression in neurons of the lOpr of the chimpanzee. Case AN, 
45 years old. Scale bar 500 (im. The inset shows a higher magnification 
image of the stained cells. Scale bar in inset 250 |j,m. (C-G) Images of 



neurons in the lOpr of Case 169 (male, age 70) labeled with black silver 
grains. Scale bar20iim. (H) The arrows indicate "ghosts," spaces the 
size and shape of lOpr neurons. Scale bar 100 pim. (I) Plot of the 
distribution of cells marked with silver grains on a section from Case 
169. Three different symbols are used to indicate relative numbers of 
silver grains: black circle, few; red triangle, intermediate; blue square, 
many. Scale bar 1 mm. 



The functions of the PRa are even more mysterious as there are 
no data about its embryonic origins or connections. The expres- 
sion of NPNFP in this nucleus suggests that these neurons may 
have long projections. Candidate targets include the spinal cord 
and the cerebellum. 

lOpr AND DENTATE NUCLEUS: INDIVIDUAL DIFFERENCES AND 
LEFT-RIGHT ASYMMETRY 

Individual differences in structure among cases and left-right 
asymmetries in a single case are usually considered exclusively 



cortical attributes, but were prominent and obvious for the human 
lOpr and the dentate nucleus. There may also be more subtle 
individual differences and/or asymmetries in other human or 
ape brainstem nuclei that would be revealed by more quanti- 
tative analysis. How do the studies of cerebral cortex color the 
interpretation of these findings? 

Both individual differences in cortical sulcal or gyral mor- 
phology and structural asymmetry are extensively documented 
in humans (Galaburda et al., 1978; Steinmetz et al., 1989; Falk 
et al, 1991; Jancke et al, 1994; Anderson et al, 1999; Westbury 
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FIGURE 8 I (A) The dentate nucleus on a CV-stained parasagittal section of (C) Neurons in the dentate nucleus of the macaque are round or oval. Scale 
the macaque monkey cerebellum. Scale bar 1 mm. (B)The dentate nucleus bar 50\im. (D) There are many shield-shaped, distinctly multipolar, neurons in 
on a parasagittal CV section in the in the human cerebellum. Scale bar 1 mm. the dentate nucleus of the human. Scale bar 50 yim. 




FIGURE 9 I Individual variability in the shape and folding pattern of 
the dentate nucleus. (A-D)The dentate nucleus on parasagittal 
sections about 2 mm apart. (A,B) Show the left and right sides of Case 



164 (female, age 45) and (CD) show the left and right sides of Case 169 
(male, age 70). The images are scans of CV-stained sections from a flat 
bed scanner 



et al, 1999; Witelson et al, 1999). Do these structural differences 
correlate with functional differences or do they reflect genetic 
drift or random developmental changes with no functional signif- 
icance? The majority of studies attempting to correlate structure 
and function in the human brain have been done in the context of 



two human behaviors, language, and handedness. Both language 
and handedness are recognized as lateralized functions, with most 
people being right-handed and left-hemisphere dominant for lan- 
guage (Knecht et al, 2000). Language has been linked to cortical 
asymmetry, particularly of the planum temporale (Geschwind and 
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FIGURE 10 |The nucleus paramedianus (PMD) and the nucleus pararaphales (PRa) In the human and chimpanzee (A) The arrow shows the darkly 

stained PMD, the arrowhead the PRa. Case 176, female, age 71. (B) Case 158, male, age 51. (C) Case 180, male, age 54. (D) Case 164, female, age 45. 

(E,F) PMD (arrows) in the two chimpanzees. Scale bar 500 |im. Abbreviations, nNOS, nitric oxide synthase; NPNFP non-phosphorylated neurofilament protein. 



Levitsky, 1968; Galaburda et al, 1978; Geschwind, 1978; Steinmetz, 
1996). Handedness is also established as a lateralized function, 
but differs in that there is a range of hand preferences in the 
population (Annett, 1967; Aniunts et al, 2000). Language lateral- 
ization and handedness are correlated; in some (percentages vary 
among studies) left-handed people language is controlled by the 
right hemisphere (Pujol et al, 1999; Knecht et al, 2000; Hund- 
Georgiadis et al., 2002). Handedness has been correlated with 
left-right asymmetry in the structure of motor cortex, although 
not all studies are in agreement on this point (reviews in Amunts 
et al., 2000; Hammond, 2002). 

ASYMMETRY AND INDIVIDUAL DIFFERENCES IN THE lOpr 

Neither individual differences nor left-right asymmetry has been 
systematically analyzed for subcortical structures. We found both 
to be major features of the lOpr. The lO is present in all vertebrates 
that have a cerebellum, but it varies dramatically in size and shape 
among different species (Kooy, 1917, Figure 4). The lOpr is one 
of the most distinctive structures of the ape brainstem. In com- 
paring sections through the medulla across species, it appears that 
in chimpanzees and even more dramatically in humans, the entire 



ventral medulla has expanded outward to contain the enlarged 
lOpr (see Figure 5). Do the left-right differences in the lOpr struc- 
ture correlate with a functional asymmetry? Our initial hypothesis 
was that the structural differences in the human lOpr are driven by 
handedness (Our studies have so far been limited to right-handed 
cases from the Witelson Normal Brain collection) . To test this idea, 
we compared two measurements for the left and right, volume and 
an index of folding complexity. We did not find that the lOpr was 
larger or had a more complex folding pattern in the side contralat- 
eral to the preferred hand (Baizer et al., 2011b). There may be 
more subtle measurements like cell packing density, sizes of cells, 
thickness of the lOpr ribbon, or total number of cells that would 
show differences correlated with handedness. Similarly, the den- 
tate nucleus asymmetries could be related to motor functions like 
handedness and skilled movement. 

The lOpr projects to the dentate nucleus both directly and via 
the cerebellar hemispheres (Courville et al, 1977; Brodal and Bro- 
dal, 1981; Ruigrok and Voogd, 2000). It has been suggested that 
the dentate nucleus has a role in cognition (Dum et al, 2002). 
It is therefore possible that the lOpr or dentate nucleus or both 
contribute to a lateralized cognitive function like language. 
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FIGURE 11 [The arcuate nucleus (Arc, arrows) in six human cases; (A-D) CV; (E) Calretinin (F) nNOS Scale bar 1 mm. 



The other major difference between the lOpr in humans and 
all other species, including the chimpanzee, was the presence of 
apparently degenerating cells and the presence of "ghosts," empty 
spaces that appeared to represent degenerated neurons. The idea 
that neurons in the adult lOpr may degenerate is not a new one. 
Olszewski and Baxter (1954) noted that "these cells (lO) tend to 
accumulate lipofuscin early in life and the Nissl stained sections 
of "normal" persons over middle age may show a striking paucity 
of cells." We saw evidence of lOpr neuronal degeneration in every 
case examined. While we have not yet quantified the loss of lOpr 
cells as a function of age, our hypothesis is that this neuronal loss 
is an age-related process, with a broad distribution of age of onset 
and individual variability in the time course. (The best analogy 
may be graying hair as a function of age. Graying hair is clearly an 
age-related process, but there is great individual variability both 
in the age of onset and in the speed of the process.) This lOpr 
degeneration appears to be a normal process, in contrast to the 
phenomenon of olivary hypertrophy seen after lesions of afferent 
and efferent structures (Goto et al., 1988; Kitajima et al., 1994; 
Krings et al, 2003; Marden, 2013). 

Our present understanding of the circuitry of cerebellar cor- 
tex suggests that the loss of lOpr neurons should have profound 
consequences for cerebellar function. The TO is the sole source of 
climbing fibers (Armstrong, 1974). The climbing fibers provide 
critical input that results in the generation of complex spikes in 



Purkinje cells (review in Eccles et al., 1966; Gibson et al., 2004). 
Several authors have suggested that climbing fiber input and the 
generation of complex spikes are critical for cerebellar motor 
learning (Gilbert and Thach, 1977; review and references in Mor- 
ton and Bastian, 2004; Yang and Lisberger, 2013). The loss of lOpr 
neurons in the human should then have major functional conse- 
quences for the impairment of motor learning with age (references 
in Fraser et al., 2009). This loss might contribute to impairments 
of balance and the increase of falls in the elderly (Matheson et al, 
1999; Bloem et al, 2003). 

It is important to note that individual differences and func- 
tional asymmetry of cerebral cortex are not uniquely human. 
Various other species have shown hand preferences (Lehman, 
1978; Annett and Annett, 1991; Phillips and Sherwood, 2005), 
although not all species show the bias toward right-handedness 
shown in humans (Lehman, 1978). There is also some evidence 
for left-right asymmetries in motor cortex. Asymmetries in corti- 
cal organization have also been reported for non-human primates 
for putative "language" cortex (discussion and references in Gan- 
non et al., 1998). Individual differences in cortical morphology in 
other regions of macaque monkey and chimpanzee cortex have 
been described (Cheverud et al, 1990; Van Der Gucht et al, 2006; 
Cantalupo et al., 2009). However, the analysis of individual vari- 
ability in brain structure and abilities is a neglected approach for 
much animal-based experimental neuroscience. There are atlases 
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FIGURE 12 |The ventral medulla in the chimpanzee. Cases JA (A), 
ST (B), Ml (C), and AN (D). (A) The arrows show stained cells ventral to 
the pyramidal tracts in the expected location of the arcuate nucleus. 



(B)The arrow shows a small group of stained cells. (CD) There are no 
stained neurons ventral to the pyramidal tracts in Case AN or Case Ml. 
Scale bar 1 mm. 



of the brains of the most commonly studied species (Emmers and 
Akert, 1963; Berman, 1968; Franklin and Paxinos, 1997; Paxinos, 
1999; Paxinos et al., 1999, 2000). The assumption behind an atlas is 
that one mouse or rat brain is essentially the same as the next. Sim- 
ilarly, traditional tract-tracing and electrophysiological studies are 
based on a limited number of cases; the connections or response 
properties as studied in a few animals are assumed to hold true 
for the entire normal population. Clearly the possibility of indi- 
vidual differences needs to be considered at least in primates. It 
is also important to recognize, however, that not all individual 
differences may be functionally significant; some differences may 
simply reflect chance factors affecting brain development. 

The disregard of individual variability also colors some stud- 
ies of the human brain. For example, it is often assumed that the 
individual brain shown in typical human brain atlases (Olszewski 
and Baxter, 1954; Talairach and Tournoux, 1988; Paxinos and 
Huang, 1995; Mai et al, 2008) represents a model for all human 
brains, especially with respect to subcortical structures. Such an 
assumption reinforces the disregard of individual differences. The 
technology for imaging the human brain has developed rapidly 
over the last decades (Le Bihan et al., 2001; Chabert et al., 2005; 
Alvarez-Linera, 2008; Cole et al., 2010). Imaging is widely used 
in the study of human brain functions (a 2013 Pub Med search 
for "fMRI" returns over 7000 references). However, the results of 
many imaging studies are shown on standard depictions of the 
brain, with data averaged across subjects (some examples Petersen 
et al., 1990; Zatorre et al, 1994; Tzourio-Mazoyer et al, 2002; Eick- 
hoff et al., 2005). The consequence is that individual differences in 



brain activity or structure maybe averaged out rather than studied 
as an interesting and important feature. 

An obligatory aspect of human evolution appears to be major 
variability from one person to the next in both motor and cogni- 
tive skills. For example, compare the ability to maintain balance 
and posture of an Olympic gymnast or the fine motor skills of a 
surgeon or violinist with those of an "average" person. Similarly, 
there is a broad distribution of assessments of cognitive function 
like scores on IQ tests. Some people easily learn 10 languages, oth- 
ers struggle with one. Presumably individual differences in motor 
and cognitive function are reflected in subtle, as well as not so sub- 
tle, individual differences in brain structure. There is also a small, 
and rather controversial, literature on individual differences in 
brain structure related to variables like gender, sexual orientation, 
and cognitive function (some examples: HoUoway and de Lacoste, 
1986; Witelson, 1989, 1991; McCormick et al, 1990; Levay, 1991; 
Witelson and Goldsmith, 1991; Allen and Gorski, 1992; Witelson 
and Kigar, 1992; Shaywitz et al, 1995; Witelson et al, 1995, 1999). 
While often neglected in neuroscience, the recognition of indi- 
vidual differences is of increasing concern in the development 
of individualized medical treatments based on genetic profiles 
(van t Veer et al, 2002; Chang et al., 2003; Moroni et al, 2005; 
Sartore-Bianchi et al., 2007). 

UNIQUE STATUS OF CEREBRAL CORTEX AND THE CONCEPT OF THE 
"REPTILIAN BRAIN " 

The idea that evolution affects only the cerebral cortex, with brain- 
stem and cerebellum essentially unchanged entered the popular 
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culture of neuroscience through the writings of Paul Maclean, 
"The Triune Brain" (MacLean, 1990) and Carl Sagan's "reptUian 
brain" (Sagan, 1977). The concept of the "reptilian brain" main- 
tains that the brainstem and cerebellum are "old" structures that 
have not changed over evolution. That perspective still colors the 
understanding of students and the general public today. As shown 
in this review, it clearly does not reflect the dramatic changes 
in cerebellar and brainstem structures and their contribution to 
uniquely human capabilities. 
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